Numerical simulation of the cavitation and spray in a marine diesel engine is performed to investigate the effects of injection pressure on the cavitation flow and spray characteristics in the marine diesel engine, which in turn influence atomization and combustion in the cylinder. A two-phase flow model combined with single bubble dynamics and a droplet break-up model are used to simulate cavitation and spray, respectively, and the results are compared to the experimental data. With increasing injection pressure, the pressure fluctuations inside the nozzle become more intense. The spray penetration is proportional to time at the beginning of injection. Higher injection pressure increases the spray angle. In addition, massive structures on spray edge can return to the spray body, whereas the massive structures on the spray head remain unchanged throughout its lifetime. Each additional 20 MPa of injection pressure reduces the Sauter mean diameter by approximately 9%.
Introduction
Marine diesel engines are widely used in bulk carriers, oil tankers, container ships and other large ocean-going ships because of their high power. Cavitation and spray characteristics are the important factors with the greatest influence on combustion and emissions. As an important design criterion of the fuel injection system, the cavitation and spray characteristics should be fully investigated. More and more numerical approaches are being implemented for the investigation of cavitation due to the small size of the nozzle and the high-speed flow inside the nozzle. Using homogeneous flow model, He et al. 1 found that the corner radius of the entrance inhibited the occurrence of cavitation. Wang and Su 2 used a two-fluid model to measure inlet pressure fluctuation whose high amplitude had an obvious effect on partial cavitation and super cavitation. The inception of cavitation was sensitive to the frequency of the inlet pressure fluctuation, but they did not discuss the flow characteristics inside the nozzle. A two-dimensional, two-phase, transient model was applied to the influence of the inlet geometric parameter on cavitation by Schmidt et al. 3 They found that the inlet geometric parameter has little influence on cavitation. Using numerical analysis, Payri et al. 4 focused on the influence of larger hydro-grinding radius of the orifice inlet which increased the outlet velocity and discharge coefficient, but not considering the injection pressure especially in the marine diesel engine. Wang and Su 5 studied the conditions of cavitation using the homogeneous equilibrium flow model. It was found that cavitation would reduce the discharge coefficient and super cavitation enhanced the turbulent kinetic energy obviously. Zhang et al. 6 found that increasing the injection pressure and reducing the discharge pressure promoted cavitation by employing a new model based on single bubble dynamics. Cavitation was compared between two types of nozzle, but the study of pressure fluctuation was overlooked. The experiment conducted by Ohrn et al. 7 indicated that the lengthdiameter ratio and inlet shape of the orifice had a great effect on the discharge coefficient. Sou et al. 8 proposed a new combination of large eddy simulation, the Eulerian-Lagrangian method and the Rayleigh-Plesset (RP) equation to simulate an incipient cavitation. They focused on the quantitative analysis of the length and thickness of cavitation area. Schmidt et al., 9 Dumont et al. 10 and Margot et al. 11 developed a homogeneous two-phase mixture model that could accurately predict the process of cavitation inside the nozzle.
In recent works, numerical simulation and experiments have been combined to study the characteristics of spray. Some researchers have improved the quality of spray by increasing the injection pressure. 12, 13 Minato et al. 14 found, through a combination of simulation and experiment, that decreasing the orifice diameter had a great influence on mixing time, and a higher injection pressure was able to improve atomization quality. Planer laser-induced fluorescence was used by Huang et al. 15 to observe the spray process. Their studies concluded that the spray penetration and cone angle were enlarged by increasing the injection pressure and decreasing the nozzle diameter. However, the injection pressure in the experiment reached 200 MPa, while the injection pressure in a marine diesel engine remains less than 100 MPa. Cao et al. 16 found, using photographic technology, that reducing the injection pressure can reduce the spray angle and increases the Sauter mean diameter. However, the spray shape and penetration, which are significant factors for spray, were not analyzed in that paper. Song et al. 17 used a constant volume chamber to simulate the engine cylinder. It was observed by high-speed camera that the spray penetration was proportional to time at the beginning of the injection and to the square root of time in the middle and later portions of the injection. However, the velocity distribution, Sauter mean diameter and spray shape were not mentioned in their paper. Park et al. 18 studied the influence of temperature in the cylinder on spray and combustion by high-speed camera and found that the penetration and spray angle became increased and decreased, respectively, when reducing the temperature. Agarwal et al. 19 observed by high-speed camera that a higher injection pressure improved the penetration and spray volume, whereas the velocity distribution and Sauter diameter were not discussed due to experimental limitations. Vujanovic´et al. 20 applied Eulerian multiphase flow model to simulate the spray and found that the chamber pressure and injection pressure can suppress and promote, respectively, the development of the spray. Hohmann and Renz 21 investigated the influence of the chamber pressure and the temperature in the cylinder on the rate of spray droplet evaporation using Eulerian-Lagrange model and found that higher pressure and temperature improved the rate of droplet evaporation. The Eulerian-Lagrange model was modified by Pogorevc et al. 22 to examine spray characteristics using different biodiesel.
Most researches are limited to the injection system of the general diesel engine. However, the injection system of the high-power marine diesel engine with the larger nozzle size, the higher chamber air density 23 and the longer injection duration is studied rarely. In order to reveal the influence of injection pressure on cavitation and atomization in high-power-marine diesel engine, research using a larger nozzle diameter, higher chamber density 23 and longer injection duration is necessary. This is of fundamental significance and thus becoming an objective of this study. First, a two-phase flow model combined with single bubble dynamics was used to simulate cavitation, and then a droplet break-up model was used to simulate spray based on the cavitation flow parameters and address the influence of injection pressure on pressure fluctuations, diesel flow, spray penetration, spray angle, space shape and Sauter mean diameter.
Numerical models
In this study, the WAVE model is used to calculate the break-up of the oil droplets, and the detailed description is in the literature. [24] [25] [26] In addition, a droplet collision and coalescence model based on a statistical model established by O'Rourke 27 was used in this paper. This model is especially for calculating the rebound and coalescence of discrete droplets. The cavitation model will be introduced in the next step work.
Cavitation model
The two-phase flow model, based on the two-fluid formulation, is used to solve the mass transfer between the gas phase and liquid phase. This model includes two sets of conservation equations. The outline of this model is as follows.
Mass conservation equation
Momentum conservation equation
where the subscripts k and l represent gas phase (vapor) and liquid phase, respectively. k and k denote the vapor volume fraction and vapor density, respectively. V k is the vapor velocity vector. k represents vapor shear stress. T t k and g are Reynolds stress and gravity, respectively. M kl denotes the momentum transfer.
In equation (1), À kl is the interphase mass transfer and is modeled by the following formula
where c CR is an empirical coefficient that is set to 1 in the paper; R is the fuel bubble radius and _ R is the first derivative of the bubble radius versus time.
In equation (3), N 000 , the bubble number density, is generally influenced by the injection pressure, chamber pressure, nozzle geometry, fuel density and surface tension, 28 and the formula is
where n 0 is the initial bubble density, which depends both on liquid quality and flow conditions, and is set to 1.01 in this paper. c is the volume fraction of the gas phase. This is a rather heuristic formula used to model coalescence effects at higher volume fraction levels. A cavitation model based on a single bubble dynamics equation 29 was used in this paper. Growth and collapse of cavitation bubbles and nuclei are computed by solving the following Rayleigh-Plesset equation (5)
where p sat is the pressure (assumed to be the vapor pressure in the local temperature), and p part is the local pressure in the liquid surrounding the bubble. l is the liquid viscosity coefficient, and € R is the second derivative of the bubble radius versus time. l is the liquid density, and is the surface tension between the liquid and vapor. Neglecting the R and the second-order terms, this equation reduces to
The representative liquid-vapor evaporation and condensation rates for this category are shown as the following
where C e and C v are the evaporation and condensation parameters, respectively, designed to account for the fact that may occur at different rates (condensation is usually much slower than evaporation).
Computational details
The Fluent14.5 software is applied to perform the simulation in this paper. In order to improve the increasing accuracy of simulation, the simulation of spray is separated from the simulation of cavitation. The simulation of cavitation is first carried out. Second, the numerical results of cavitation, including the mass flow rate, the actual diameter of liquid jet and velocity of fuel, are applied to the simulation of spray.
Numerical simulation of cavitation
A certain diesel engine fuel injector was analyzed in the paper. The injector has four nozzles. One of the nozzles was studied, based on symmetry. The needle movement is listed in Table 1 . Figure 1 shows the geometric model. The nozzle diameter D and nozzle length L were 0.85 and 3.18 mm, respectively. The grids were generated by Nastran, and a partial mesh encryption was utilized near the nozzle entrance as shown in Figure 2 . The total number of grid was 545,078, and the minimum cell size is 0.0095 mm.
Due to the tiny effects of environmental pressure on the diesel density, the liquid is treated as being incompressible. At the same time, the influences of temperature are ignored because of the instantaneous occurrence (lasting only 3.5 ms). According to the working condition of diesel engine, the outlets of four nozzle exits are all set to 8 MPa. In order to reveal the effects of injection pressure on cavitation, three injection pressures of 60, 80 and 100 MPa are set in the inlet of nozzle entrance. The outlets and inlet are all based on pressure. The specific settings are listed in Table 4 . Figure 3 , the spray penetration is plotted with different grid numbers under the injection pressure of 80 MPa. It can be seen that when the grid number increased from 1.29 million to 4.5 million, the difference among computing results becomes small. The spray penetration of 3.06 million, 4.07 million and 4.5 million is almost same at the same time. Therefore, the grids number of 4.5 million was selected in this study, and the minimum cell size is 0.4 mm. Figure 4 shows the fluid domain of 4.5 million grids. The nozzle with a downward jet was set at the point A, as shown in Figure 4 . The fuel parameters are given in Table 2 . The environmental temperature was 300 K, and the specific settings are listed in Table 3 .
In the Fluent14.5 software, a virtual injector, including the settings of the liquid column diameter D l , the injector position, the injection direction, the mass flow rate Q m , the velocity of the fuel v l , is selected to play the role of the actual injector. The mass flow rate Q m is obtained by calculating the averages of mass flow rate, as shown in Figure 5 . The velocity of the fuel v l is the time averaged outlet velocity, and the injector position and the injection direction are set according to the cuboid position.
When
where Q m is the mass flow rate of the fuel and v l is the velocity of the fuel. In addition, the air density a is calculated by the following equation where P ch is chamber pressure, and M is air mole quality. R a denotes ideal air coefficient, which is set to 8.314 in this study. T is absolute temperature which is 300 K. The detailed settings of the virtual injector are listed in Table 3 .
Results and discussion

Influence of injection pressure on pressure fluctuation
A coordinate system is built by setting the center of nozzle inlet as the origin, the nozzle axis as the X axis and the radial coordinate as the Y axis, as shown in In order to identify the frequency unsteady effects on cavitation, the pressure fluctuations at the location of C 3 are processed by fast Fourier transform, as shown in Figure 8 . It is found that three pronounced peaks appear in the range of 300-500 Hz under the different injection pressures. In addition, the peak under the injection pressure of 100 MPa exhibits the largest value, which caused by cavitation. It also indicates that cavitation has a great influence on the pressure fluctuations. Moreover, the higher injection pressure improves the cavitation.
Influence of injection pressure on cavitation flow
The cavitation coefficient C was defined by Wang in equation (11) 
where p in is the injection pressure, p ch is the chamber pressure and p sat is the saturated vapor pressure of fuel. C becomes smaller with increasing injection pressure. The results of Wang and Su 5 show that when C is more than 1.2, initial cavitation occurs. When C is between 1.10 and 1.2, partial cavitation occurs. When C is less than 1.10, super cavitation occurs. Figure 9 shows the cavitation inside the nozzle under the different injection pressures at the time of 0.05 ms. As shown in the images, partial cavitation occurred at injection pressures of 60 and 80 MPa, and super cavitation occurred at an injection pressure of 100 MPa. According to equation (11), the values of the cavitation coefficient C at 60, 80 and 100 MPa are 1.15, 1.111 and 1.087, respectively. Cavitation at injection pressures of 60 and 80 MPa was partial, and super cavitation occurred at the injection pressure of 100 MPa, according to the research by Wang and Su. 5 The similarity between Wang and Su's 5 theory and the numerical simulation supports the accuracy of the simulation.
As shown in Figure 9 , under the injection pressure of 100 MPa conditions, the gas volume fraction that can be observed is relatively large compared with 60 MPa and 80 MPa, indicating that higher injection pressure strengthens the cavitation. In addition, the gas bubbles generated from the nozzle entrance becomes closer to the nozzle exit. When the injection pressure reaches 100 MPa, super cavitation extends from the entrance to the exit, and the flow area is smaller than the nozzle diameter. Super cavitation will improve first atomization 30 because of the smaller flow area. Figure 10 shows the influence of injection pressure on the penetration. It is consistent with the results Sun et al. 31 that increasing injection pressure will increase spray penetration. Higher injection pressure can increase the kinetic energy of diesel liquid. Diesel droplets have larger kinetic energy to penetrate. The penetration in marine diesel engine exhibits higher value compared with that proposed by Hwang et al. 32 It is necessary to consider the impingement on a wall when designing the cylinder. At the same time, the growth of penetration slows because of the energy loss caused by friction between the fuel and air. Each additional 20 MPa injection pressure improves penetration by 11%. Figure 11 shows the influence of injection pressure on the penetration within 0.4 ms. As shown in Figure 11 , penetration is proportional to time. These results are consistent with that of Song et al. 17 Cavaliere et al. 33 proposed that there was a continuous liquid column near the nozzle and that the liquid column exchanged no momentum with air at the beginning of the spray due to the short injection time, huge injection energy and weak interaction between liquid and air. In conclusion, penetration is determined only by injection speed at the beginning of the spray.
Influence of injection pressure on spray penetration
Influence of injection pressure on spray angle
The spray angle before 0.5 ms was not considered because spray exists in liquid column before 0.5 ms. Figure 12 shows the spray angle at different injection pressures. With increasing injection pressure, the spray angle becomes larger, but the growth is small. Each additional 20 MPa increases the spray angle by 0.8 . Increasing injection pressure can increase the kinetic energy of the fuel which promotes friction between liquid and air resulting in breaking up. Compared with the results by Hwang et al., 32 it is obvious that the spray angle in marine diesel engine exhibits fewer changes according to the time and ranges from 16 to 19
, while the spray angle in general diesel engine ranges from 15 to 65 . This is because the larger nozzle in marine diesel engine changes the outlet flow pattern, which leads the fuel squirting along the axis of nozzle relatively, whereas the fuel is squirted divergently in general diesel engine.
4.5. Influence of injection pressure on spray shape Figure 13 shows the evolution of the spray at different injection pressures. As shown in Figure 13 (a), the fuel is initially squirted in the shape of a liquid column. Then, the turbulence generated by the K-H instability wave causes the liquid column to split up. Finally, the fuel droplets under air friction spread into space in the shape of a ''mushroom'' which is consistent with Deng et al.'s 34 research on spray shape. At the beginning of the spray, the massive structures are generated on the spray edge and then return to the spray body, due to the larger turbulence stress and velocity gradient on the spray edge. Figure 13 (b) and (c) exhibits the same phenomenon.
As seen in Figure 13 , when the injection pressure is raised from 60 to 80 MPa, the volume of the spray head becomes larger. Increasing injection pressure promotes large-scale vortex, which leads to larger massive structures on the spray head. However, when the injection pressure is raised from 80 to 100 MPa, the volume of the spray head shows little increments. This is because the super cavitation occurs under the pressure of 100 MPa, which caused the decrease of flow area. The mass flow rate of 100 MPa in small increments causes the little change of volume of spray head. The massive structures on the spray head are not like that on the spray edge which can return to the spray body, because the massive structures on the spray head have relatively little energy due to the energy consumption of largescale vortex. However, the massive structures are not evident in Zhao et al. 35 This is because that the K-H surface wave, which cause the massive structures on the spray edge, is fully influenced by liquid-air density ratio. The lower chamber air density in general diesel engine suppresses the growth of K-H surface wave. In addition, because of the shorter injection duration, the droplets have not enough time to further break-up, which lead to the quite small spay head and penetration. The air entrainment in the surface of spray body becomes weaker which prevents the growth of largescale vortex. Therefore, the massive structures are not evident in general diesel engine. It is the significant information for the design of cylinder. Figure 14 shows the Sauter mean diameter from the numerical simulation and the empirical formula by Hiroyasu and Arai. 36 The mean error between the simulation and empirical formula is 0.5%, which demonstrates the validity of the simulation. As the injection pressure increases, the Sauter mean diameter becomes smaller, as shown in Figure 14 , because the higher injection pressure increases the kinetic energy of the fuel oil that strengthens the flow disturbances and friction between the air and droplets, and the droplets have more energy for breaking up. At the same time, fuel burns more intensely at the higher injection pressure. The higher pressure and temperature promote 
Influence of injection pressure on Sauter mean diameter
Experimental verification
To validate the simulation, the simulated spray was compared with high-speed photography taken by Zhao et al. 35 The experimental conditions are given in Table 5 . As shown in Figure 15 , the simulated spray shows good agreement with the experimental data. Figure 16 shows the simulated and experimental penetration. The mean error between the experiment and simulation is within 1%.
Conclusions
Numerical models were built to study the cavitation in an injector nozzle and the spray under different injection pressures, and the important results are summarized below.
1. With increasing injection pressure, the pressure fluctuation inside the nozzle becomes more intense, and the pressure fluctuation increases gradually along the nozzle axis. As the injection pressure increases, the volume fraction of diesel vapor increases, and cavitation becomes more obvious. 2. At the beginning of the spray, spray penetration is proportional to time because there is no momentum exchange between the liquid column and the air. The increase of penetration slows gradually during the middle and later periods of the spray. The spray penetration and angle increase with increasing injection pressure. Each additional 20 MPa increases the cone angle by 0.8 . In addition, the penetration in marine diesel engine exhibits higher value compared with that in general diesel engine.
3. The spray angle increases with increasing injection pressure. Each additional 20 MPa increases the cone angle by 0.8 . The spray angle in marine diesel engine exhibits fewer changes according to the time and ranges from 16 to 19 . 4. Fuel is issued in the shape of a liquid column and then spreads into space. Massive structures on the spray edge can return to the spray body, while massive structure on spray head remains unchanged throughout its lifetime. 5. With increasing injection pressure, the areas of the spray head and massive structures become larger. However, the massive structures are not evident in general diesel engine caused by short injection duration and low chamber air density. The Sauter mean diameter decreases, indicating that the atomization quality improves. Each additional 20 MPa decreases the Sauter mean diameter by 9%.
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